This application is a continuation-in-part application of USSN 0^/'^88^O7^Jiled 
March 5, 1990, and of USSN 07/589595, filed September 27, 1996, both copond i ng . 



This invention relates to the use of recombinant DNA techniques to produce the 
cystic fibrosis transmembrane conductance regulator (CFTR), and in particular it 
relates to new methods for detecting CFTR and CFTR related defects and to new 
treatment methods therefor. 



Cystic fibrosis (CF) is the most common fatal genetic disease in humans (Boat et 
gl., 1989). Based on both genetic and molecular analysis, a gene associated with CF 
was recently isolated as port of 21 individual cDNA clones and its protein product 
predicted (Kerem et ol., 1989; Riordan et O! ' 1989; Rommens et 2l ' 1989). USSN 
488,307 describes the construction of the gene into a continuous strand and 
confirmed the gene is responsible for CF by introduction of a cDNA copy of the 
coding sequence into epithelial cells from CF patients (See also Gregory et ol., 1990; 
Rich et ai., 1990). Wild type but not a mutant version of the cDNA complemented the 
defect in the cAMP regulated chloride channel shown previously to be characteristic 
of CF. Similar conclusions were reported by others (Drumm et ol. , 1 990), 

The protein product of the CF associated gene is called the cystic fibrosis 
transmembrane conductance regulator (CFTR) (Riordan et ol., 1989). CFTR is a protein 
of approximately 1480 amino acids made up of two repeated elements, each 
comprising six trarismembrane segments and a nucleotide binding domain. The two 
repeats are separated by a large, polar, so-called R-domain containing multiple 
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potential phosphorylation sites. Based on Its predicted domain structure, CFTR is a 
member of a class of related proteins which Includes the multi-drug resistance (MDR) 
or P-glycoproteln. bovine odenyi cyclase, the yeast SrE6 protein as well as several 
bacterial amino acid tronsport proteins (Riordan et gl. . 1989; Hyde et al. . 1990). 
5 Proteins in this group, characteristically, are involved In pumping molecules Into or out 

of cells. 

CFTR is a large, multi domain. Integral membrane protein which Is postulated to 
regulate the outward flow of anior« from epithelial cells in response to phosphorylation 
"10 by cyclic AMP-dependont protein kinase or protein kinase C (Riordan et gl. , 1989; 

Welsh,1986; Frizzel et ol., 1986; Welsh and Uedtke, 1986; Schoumocher et gj., 1987; Uet 
gl., 1988; Hwang etgl., 1989; U et gl., 1989). 

To Investigate the function of the CFTR, the mechanism by which mutations in 
15 the CFTR gene cause cystic fibrosis, to develop potential therapies for cystic fibrosis, 

and for many other applicatioris, a cDNA clone encoding the entire CFTR protein is 
necessary. 

it is an aspect of the present invention to engineer CFTR cDNA sequences 
20 containing all of the coding information for CFTR protein on a single recombinant DNA 

molecule which can be stably propagated in E. coli and transferred to yeast, insect, 
plant or mammalian cells, or transgenic animals, for expression of wild-type CFTR 
protein, as well as- mutoM ro provide derivatives which correlate with the cystic fibrosis 
disease. 

25 

It is another aspect to provide the critical cDNA gene containing the correct 
gene sequence in order to provide for production of the CFTR protein. 

It is yet another aspect to enable various diagnostic, therapeutic and protein 
30 production techniques related to the evaluation and treatment of cystic fibrosis 

caused by faulty CFR function, faulty CFTR processing or related to the intracellular 
location of CFTR. 

In addition, a mutation within the gene sequence encoding CFTR protein has 
(yl^ 35 been identified in DNA samples from potlents-with-wfttr cystic fibrosis, the most 
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common genetic disease of coucoslons (Kerem et gl., 1989). The mutation, which 
resufts in the deletion of the amino odd phenylalanine at position 508 of the CFTR 
amino acid sequence. Is associated with approximately 70% of the coses of cystic 
fibrosis. 

5 

This mutation In the CFTR gene results In the failure of on epithelial ceil chloride 
channel to respond to cAMP (Frizzeii et gl., 1986; Welsh, 1986; Li et gl., 1988; Quinton. 
1989). In airway cells, this leads to an imbalance In Ion and fluid transport. It is widely 
believed that this causes abnormal mucus secretion, and ultimately results in 
10 pulmonary infection and epithelial ceil damage. That the chloride channel can be 

regulated by cAMP in isolated membrane patches (LI et gl., 1988) suggests that at 
least some CFR is present in the apical plasma membrane and that CFTR responds to 
protein kinase A. Whether CFTR itself Is a regulator of the membrane chloride channel 
or constitutes the channel itself remains controversial. 

15 

USSN 488307, fully incorporated herein, showed that CFTR is a membrane- 
associated glycoprotein that can be phosphorylated in vitro (Gregory et gl. , 1990). 
The protein has a primary translation product which migrates with apparent molecular 
weight on SDS-poiyacryiamide gels of 130k (referred to as bond A), in vaccinia virus- 
2 0 infected, cDNA tronsfected HeLo ceils or in reticulocyte lysates containing canine 

pancreatic membranes, bond A is modified by glycosylation to yield a version of 
apparent molecular weight 135kd coiled bond B. The use of polyclonal and 
monoclonal antibodies to CFTR showed that non-recombinant T84 cells contain, in 
addition, a diffusely migrating 150kd (bond C) version of CFTR. 

25 

it is another aspect of the present invention to study structure:function 
relationships in CFTR by constructing a site specific mutation which provides for the 
deletion of phenylalanine 508 (referred to as AF508). 

30 It is yet onother aspect to characterize variant CFTR protein forms associated 

with a numb- -of less frequent CF associated mutations, as well as mutations in 
residues predded to ploy on important role in the function of CFTR. 
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It Is still yet another aspect of the present Invention to more fully describe the 
characteristics of CFTR associated with bands a, b and c. 

It Is yet still another aspect of the present Invention to provide new diagnostic 
and therapeutic methods for CF which rely upon intracellular processing mechanisms 
for CFTR and intracellular location of variously processed CFTR. 

10 Summary of the Invention 

In accordance with the principles and aspects of the present invention there 
ore provided recombinant DNA molecules encoding CFTR including most preferred 
cDNA molecules which can be stably propagated in host E. coil cells and which can 

15 be used to transform mammalian cells resulting in expression of CFTR. These DNA 

molecules are ideally maintained at low gene dosage in the host, thereby reducing 
the potential toxicity caused by inadvertentor Inappropriate expression of the CFTR 
cDNA. In addition, there are provided recombinant cDNA molecules containing at 
least one intervening sequence within the CFTR coding sequence. Such a sequence 

2 0 advantageously disrupts expression of protein from the CFTR cDNA in E. coll ceils, but 

allows expression in mammalian cells sirK;e such cells are capable of removing the 
inten/enlng sequence from the initial CFTR RNA transcript. Also included are DNA 
sequences encoding CFTR but containing one or more point mutations. 

25 Preferred embodiments of the present invention include cDN/?*s coding for the 

entire CFTR protein coding sequence of 4440 nucleotides and advantageously 
include regulatory sequences from the flanking regions of the cDNA, such as the 
ribosome binding site located immediately upstream of the initiator methionine of the 
^ CFTR open reading frame (Kozak, 1984; Kozak, 1986). These cDNA^ are ideally cloned 

30 in plasmid vectors containing origins of replication that allow maintenance of 

recombinant plasmlds at low copy number in E. coli cells. These origins of replication 
may be advantageously selected from those for the E. coli plasmids pMBl (15-20 



5 



4- 



IG4-9.2 



copies per celD- p15A (10-12 copies per celD or pSCIOl (approximately 5 copies per 
celD or other vectors which are maintained at low copy number (e.g. less than about 
25) In E. coH cells (Sambrook et ol., 1989). 

Also described herein are CFTR cDNAs containing a synthetic Intron of 83 base 
pairs between nucleotide positions 1716 and 1 7 1 7 of the CFTR cDNA sequence, which 
acts to stabilize the cDNA by disrupting the transiotionai reading frame of the CFTR 
protein such that neither full length protein nor extensive polypeptide sequences con 
be synthesized in cells unable to splice mRNA. This allows replication In (but not CFTR 
expression) prokaryotic cells of the CFTR cDNA for subsequent transformation of 
eukaryotic host cells, most preferably mammalian cells, for subsequent CFJR 
expression. Additional embodiments of the invention include full length mutant CFTR 
cDNAs which encode a protein from which amino-ocid 508 has been deleted. Still 
other preferred embodiments Include expression vectors for expression of said CFTR 
cDNA>s in bacterial, yeast, plant, insect and mammalian cells, and transgenic animals 
the CFTR proteins derived from these expression systems, pharmaceutical 
composrtioris comprising such recombinantly produced CFTR proteins as well as 
associated diagnostic and therapeutic methods. 

A most preferred embodiment includes mature CFTR protein, discovered to be 
associated with band c (described in detosil below) having an apparent molecular 
weight of approximately 150kd and modified by complex-tyc>e N-linked glycosylation 
at residues 894 and/or 900. It has been unexpectedly discovered that mature CFTR is 
lacking from recombinant cells encoding several mutant versions of the protein. Also 
described are new diagnostic assays for detecting individuals suffering from cystic 
fibrosis as well as therapeutic methods for treating such individual based, in part, upon 
the mechanism of intracellular processing of CFTR discovered in the present invention. 
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Brief Description of the Toble and Drowlnos 



Further understanding of the Invention may be had by reference to the tables 
and figures wherein: 

Tob l o 1 - s hows the sequence of that portion of CFTR cDNA encoding the 
complete CFTR protein within plasmid pSC-CFTR2 including the amino acid sequence 
of the CFTR open reading frame; 



Tet5te=2^shows CFTR mutants wherein the known association with CF (Y* yes or N. 
no), exon localization, domain location and presence (+) or abserx^e (-) of bands A, B 
and C of mutant CFTR species Is shown. TM6, indicates transmembrane domain 6; NBD 
nucleotide binding domain; ECD, extracellular domain and Term, termination at 21 
codons past residue 1337. 

The convention for naming mutants is first the amino acid normally found at the 
particular residue, the residue number (Riordan et ol., 1989) and the amino acid to 
which the residue was converted. The single letter amino acid code is used: D. 
osportic acid; F, phenylalanine; G, glycine; I, isoleucine; K, lysine; M. ^methionine; N, 
asparagine; Q, glutomine; R, arginlne; S. serine; tryptophan. Thus^9^+& is a mutant 
In which glycine 551 is converted to aspartic acid^; 

Figure 1 shows alignment of CFTR pxartial cDNA clones used in construction of 
cDNA containing complete coding sequence of the CFTR, only restriction sites 
relevant to the DNA coristructions described below ore shown; 

Figure 2 depicts plasmid construction of the CFTR cDNA clone pKK-CFTRl; 

Figure 3 depicts plasmid construction of the CFTR cDNA clone pKK-CFTR2; 

Figure 4 depicts plasmid construction of the CFTR cDNA clone pSC-CFTR2; 

Figure 5 shows a plasmid map of the CFTR cDNA clone pSC-CFTR2; 





Figure 6 shows the DNA sequence of synthetic DIMAs usedfpr.insertion of an 
intron Into the CFTR cDNA sequence, with the relevant restriction iendonucieose sites, 
and nucleotide positions noted; 

5 

Figures 7A and 7B depict piasmld constajction of the CFTR cDNA clone pKK- 
CFTR3; 

r' ' Figure 8 shows a plasmid map of the CFTR cDNA pKK-CFTR3 containing on intron 
1 0 ■ between nucleotides 1716 and 1717; 



25 



Figure 9 shows treatment of CFTR with glycosidases; 

Figures lOA and lOB show an analysis of CFTR expressed from COS-7 tronsfected 



15 cells; 



Figures 1 lA and 1 IB show pulse-chase labeling of wild type and AF508 mutant 
CFTR In COS-7 trarisfected cells; 

2 0 Figure 1 2 shows immunolocalization of wild type and AF508 mutant CFTR; and 

COS-7 cells tronsfected with pMT-CFTR or pMT-CFTR-AF508; and 

Figure 1 3 shows on analysis of mutant forms of CFTR. 

Detailed Description and Best Mode 

Definitions 

30 The term "intron" identifies on intervening sequence within a gene for the gene 

product that does not constitute protein coding sequences. In eukaryotic cells introns 
ore removed from the primary RNA transcript to produce the mature mRNA. 

The term "splice" refers to the removal of an Intron from the primary RNA 
35 transcript of a gene. 

The term "poiylinker* refers a closely arranged series of synthetic restriction 
enzyme cleavage sites within a plasmid. 
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The term 'open reading frame" refers to a nucleotide sequence with the 
potential for encoding a protein. 

5 The term "agarose gel purification" refers to the separation of DNA restriction 

fragments by electrophoresis through an agarose gel followed by purification of the 
desired DNA fragments from the agarose gel as described below In general methods. 

The term "maintained" refers to the stable presence of a plasmid within a 
10 transformed host ceil wherein the plasmid Is present as an autonomously replicating 

body or as on Integrated portion of the host's genome. 

The term "cell culture" refere to the containment of growing cells derived from 
either a multicellular plant or animal which allows the ceils to remain viable outside of 
1 5 the original plant or animal. 

The term "host cell" refers to a microorganism Including yeast, bacteria. Insect 
and mammalian ceils which can be grown in cell culture and transfected or 
transformed with a plasmid or vector encoding a molecule having a CFTR biological 
20 characteristic. 

The terms "plasmid" and "vector" refer to on autonomous self-replicating extra- 
chromosomal circular DNA and includes both the expression and non-expression 
types. When a recombinant microorganism or cell culture providing expression of a 
molecule Is described as hosting an expression plasmid. the term "expression plasmid" 
Includes both extrachromosomal circular DNA and DNA that has been incorporated 
into the host chromosomeCs). 



/ The term "promoter" Is a region of DNA Involved in binding RNA polymerase to 
30' initiate transcription. ' 

The term "DNA sequence" refers to a single- or double- stranded DNA molecule 
comprised of nucleotide bases, adenosine (A), thymidine CO. cytosine (C) and 
guanoslne (G) and further Includes genomic and complementary DNA (cDNA). 
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The term "ligate" refers to the Joining of DNA fragments via a covalent 
phosphodiester bond, whose formation is catalyzed for example, by the erizyme T4 
DNA llgase. 

The term 'upstream" Identifies sequences proceeding in the opposite direction 
from expression; for example, the bocterlal promoter is upstream from the transcription 
unit. 

The term "restriction endonuclease", alternately referred to herein as a restriction 
enzyme, refers to one of a class of er\zymes which cleave double-stranded DNA 
(dsDNA) at locations or sites characteristic to the particular enzyme. For example the 
restriction endonuclease Eco Rl cleaves dsDNA only at locations: 

5'GAATTC3' to form 5'G and AATTCS' fragments 

3'CnAAG5' 3'CTTAA G5' 

Although many such enzymes ore known, the most preferred embodiments of the 
present invention ore primarily concerned with only selected restriction enzymes 
having specified characteristics. 

All cited references are fully incorporated herein by reference, subsequent 
citations of previously cited references shall be by author only. Referenced citations, if 
not within the body of the text, may be found at the end hereof. 

Within illustratioris of plasmid constructions, only restriction endonuclease 
cleavage sites relevant to the particular construction being depicted are shown. 
Numbering of nucleotides and amino acids correspond to the published CFTR cDNA 
sequence of Riordan et at., compiled from partial CFTR cDNA clones. 

General Methods 

Methods of DNA preparation, restriction enzyme cleavage, restriction enzyme 
analysis, gel electrophoresis, DNA precipitation, DNA fragment ligation, bacterial 
trarisformotion, bacterial colony selection and growth ore as detailed in Sombrook et 
gl. DNA fragment isolation from agarose gels was performed by crushing the agarose 
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gel slice containing the fragment of Interest In 300 microliters of phenol, freezing the 
phenol/gel slice mixture at -70**C for 5 minutes, centrtfuging and separating the 
aqueous phase from the phenol and extracting the aqueous p>hase vAth chloroform. 
The DNA fragments were recovered from the aqueous phase by ethand precipitation. 
^5 Methods o^ lnvS^ ranscriptlon in a buffered medium and ]n vitro protein tror^siation In 

rabbit reticulocyte lysotes were employed as detailed In the manufacturers 
instructions (Strotegene and Promego respectively). DNA sequencing was performed 
using the Sanger dideoxy method uslr>g denatured double-stranded DNA (Sanger et 
a[.. Proc. Natl, Acad. ScL 74, 5463 (1977)). 

10 

CFTR Partial cDNA Source 

Partial CFTR cDNA clones Tl 1 , Tli^l , 116-4.5 and CM/5 (Riordan et al.) were 
obtained from the American Type Cutture Collection (Rockland, Maryland). A linear 
15 alignment of the CFTR cDNA portion of these clones is presented in Figure 1 . Exor^ at 

the end of the individual cDNA clones are Indicated by the numbers 1 , 2, 7, 9, 12, 13 
and 24. Also indicated are the initiation codon of the CFTR protein coding sequence 
(ATG), the termination codon (TAG), as well as restriction endonuclease sites within 
the CFTR cDNA which were used in subsequent DNA manipulations. 

20 

Example 1 - Generation of Full length CFTR cDNAs 



Nearly oil of the commonly used DNA cloning vectors ore based on plasmids 
containing modified pMBl replication origins and are present at up to 500 to 700 

2 5 copies per cell (Sambrook et al.). The partial CFTR cDNA clones Isolated by Riordan et 

gl. were maintained in such a plasmid. We postulated that on alternative theory to 
intrinsic clone iristabllity to explain the apparent inability to recover clones encoding 
full length CFTR protein using high copy number plasmids, was that it was not possible 
to clone large segments of the CFTR cDNA at high gene dosage in E. coll . Expression 

30 of the CFTR or portions of the CFTR from regulatory sequences capable of directing 

trar^scription and/or translation in the bacterial host cell might result in inviability of the 
host cell due to toxicity of the trariscript or of the full length CFTR protein or fragments 
thereof. This inadvertent gene expression could occur from either plasmid regulatory 
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sequences or cryptic regulatory sequences within the recomblnont CFTR plosmid 
which ore capable of functioning in E. coll . Toxic expression of the CFTR coding 
sequences would be greatly compounded If o large number of copies of the CFTR 
cDNA were present In cells because a high copy number plosmid was used. If the 
5 product was indeed toxic as postulated, the growth of cells containing full length and 

correct sequence would be actively disfavored. Based upon this novel hypothesis, the 
following procedures were undertaken. 

With reference to Figure 2. partial CFTR clone T16-4.5 was cleaved with 
10 restriction enzymes Sgh I and Pst I and the resuttlr^g 3.9 kb restriction fragment 

containing exons 1 1 through most of exon 24 Oncluding on unchorocterized 1 19 bp 
insertion reported by Riordan et gl. between nucleotides 1716 and 1717), was isolated 
by agarose gel purification and ligoted between the Sgh I and ftt I sites of the pMBl 
based vector pKK223-3 (Brosius and Holy, Proc. Natl. Acad. Sci. 81, 6929 (1984)). It was 
15 hoped that the pMBl origin contained within this plosmid would allow it and plasmids 

constructed from it to replicate at 15-20 copies per host E. coll cell (Sombrook et al.). 
The resultant plosmid clone was called pKK-4.5. 

Partial CFR clone Tl 1 was cleaved with Eco Rl and Hinc II and the 1 .9 kb band 
20 encoding the first 1786 nucleotides of the CFTR cDNA plus on additional 100 bp of 

DNA at the 5' end was isolated by agarose gel purificatk>n. TMs restriction fragment 
was inserted between the Eco R[ site and Sma i restriction site of the plosmid ^ 
pBluescript SK" (Strotegene, catalogue number 212206), such that the CFTR sequences 
were now flanked on the upstream (5') side by a Sgl ! site from the cloning vector. This 
25 clone, designated Tl 1-R, was cleaved with Sgl 1 and S^h I and the resultant 1.8 kb 

band isolated by agarose gel purification. Rasmid pKK-4.5 was cleaved with Sgl I and 
Sph I and the large fragment was isolated by agarose gel purifica tion. The purified 
Tl 1-R fragment and pKK-4.5 fragments were ligoted to constnjct^KK-CFTR^ pKK- 
CFTRl contains exons 1 through 24 of the CFTR cDNA. It was discovered that this 
30 plosmid is stably maintained in E. coli cells and confers no measurably 

disadvantageous growth characteristics upon host cells. 
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pKK-CFTRI contains, between nucleotides 1716 and 1717, the 119 bp Insert DNA 
derived from partial cDNA clone Tl 6-4.5 described above. In addition, subsequent 
sequence analysis of pKK-CFTRl revealed unreported differences in the coding 
sequence between that portion of CFTRl derived from partial cDNA clone Tl 1 and the 
published CFTR cD^4A sequerx^e. These undesired differences ir>cluded a 1 base-pair 
deletion at posftion 995 and a C to T transition at position 1507. 

To complete construction of an intact correct CFTR coding sequence NA/ithout 
mutations or insertions and with reference to the construction scheme shown In Figure 
3, pKK-CFTRl was cleaved with Xba I arxJ Hpa l and dephosphorylated with calf 
intestinal alkaline phosphatase, in addition, to reduce the likelihood of recovering the 
original clone, the small unwanted Xba l /Hpa I restriction fragment from pKK-CFTRl 
was digested with Sph 1. T 1 6- 1 was cleaved with Xba I and Acc I and the 1 . 1 5 kb 
fragment isolated by agarose gel purification. T 16-4.5 was cleaved with Acc [ and 
Hpo I and the 0.65 kb bond was also Isolated by agarose gel purification. The two 
agarose gel purified restriction fragments and the dephosphorylated pKK-CFTRl were 
iigated to produce pKK-CFTR2. Alternatively, pKK-CFTR2 could have been cor^structed 
using corresponding restriction fragments from the portkal CFTR cDNA clone C 1-1/5. 
pKK-CFTR2 contains the uninterrupted CF TR protein coding sequen ceand conferred 
slow growth upon E. coil host cells in which it was inserted, whereas pKK-CFTRl did not. 
The origin of replication of pKK-CFTR2 is derived from pMBl and confers a plasmid 
copy number of 15-20 copies per host cell. 



Example 2 - Improving Host Cell Viability 

An additional enhancement of host cell viability was accomplished by a further 
reduction in the copy number of CFTR cDNA per host cell. This was achieved by 
transferring the CFTR cDNA into the plasmid vector, pSC-3Z. pSC-3Z was cor^ructed 
using the pSClOl replication origin of the low copy number plasmid pLG338 (Stoker et 
gl.. Gene J8, 335 (1982)) and the ampicillin resistance gene and polylinker of pGEM-3Z 
(available from Promego). pLG338 was cleaved with Sph | and Pvu II and the 2,8 kb 
fragment containing the replication origin isolated by agarose gel purification, pGEM- 
3Z was cleaved with Alw NL the resultant restriction fragment ends treated with T4 DNA 
polymerase and deoxynucleotide triphosphates, cleaved with ^§ctDj.and the 1 .9 kb 
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band containing the amplcillin resistance gene and the polyllnker was isolated by 
agarose gel purification. The pLG338 and pGEM-3Z fragments were llgated together 
to produce the low copy number cloning vector pSC-3Z. pSC-3Z and other plasmids 
containing pSClOl origins of replication ore maintained at approximately five copies 
per cell (Sambrook et gl.). 

With additional reference to Figure 4, pKK-CFn?2 was cleaved with Eco RV. Pst I 
and Sgl I and then passed over a Sephocryl S400 spun column (ovailabel from 
Pharmacia) according to the manufacturer's procedure In order to remove the Sgl I 
to Eco RV restriction fragment which was retained within the column. pSC-3Z was 
digested with Sma I and Ps\ \ and also passed over a Sephocryl S400 spun column to 
remove the small Sma l/ Pst \ restriction fragment which was retained within the 
column. The column eluted fractions from the pKK-CRR2 digest and the pSC-3Z digest 
were mixed and iigoted to produce pSC-CFTR2. A map of this plasmid Is presented in 
Figure 5. Host cells containing CFTO cDNAs at this and similar gene dosages grow well 
and hove stably maintained the recombinant plasmid with the full length CFTl? coding 
sequence. In addition, this plasmid contains a bacteriophage T7 RNA polymerase 
promoter adjacent to the CFTR coding sequence and is therefore convenient for in 
vitro tronscription/transiotion of the CFTR protein. The nucleotide sequence of CFTR 
coding region from pSC-CFTR2 plasmid is presented in T ctd I q 1 . Significantly, this 
sequence differs from the previously published (Riordan et gl.) CFTR sequence at 
position 1991 , where there is C in place of the reported A. E. coli host cells containing 
pSC-CFTR2, internally identified with the number pSC-CFTR2/AGl , have been 
deposited at the American Type Culture Collection and given the accession number: 
ATCC 68244. 
' \ 

Example 3 - Alternate Method for improving Host Cell Viabiilty 

A second method for enhancing host ceil viability comprises disruption of the 
CFTR protein coding sequence. For this purpose, a synthetic intron was designed for 
insertion between nucleotides 1716 and 1717 of the CFTR cDNA. This intron is 
especially advantageous because of its easily manageable size. Furthermore, it is 
designed to be efficiently spliced from CFTR primary RNA transcripts when expressed in 
eukaryotic cells. Four synthetic oligonucleotides were synthesized (1 195RG, 1 196RG, 
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1 197RG and 1 198RG) collectively extending from the Sph I cleavage site at position 
1 700 to the Hinc II cleavage site at position 1 785 and Including the additional 83 
nucleotides between 1716 and 1717 (see Figure 6). These oligonucleotides were 
phosphoryloted with T4 polynucleotide kinase as described by Sombrook et al.. mixed 
5 together, heated to 95*C for 5 minutes in the some buffer used during 

phosphorylation, and allowed to cool to room temperature over several hours to allow 
annealing of the single stranded oligonucleotides. To Irisert the synthetic intron Into 
the CFTR coding sequence and with reference to Figures 7 A and 7B, a subclone of 
plasmid Tl 1 was mode by cleaving the Soil site In the polylinker, repairing the 

10 recessed ends of the cleaved DNA with deoxynucleotlde triphosphates and the large 

fragment of DNA Polymerase I and religating the DNA. This plasmid was then digested 
with Eco RV and Nry I and religated. The resulting plasmid T16-A 5' extended from the 
Nru I site at position 490 of the CFTR cDNA to the 3' end of clone T16 and contained 
single sites for Sph I and Hinc II at positions corresponding to nucleotides 1 700 and 

15 1785oftheCFRcDNA. T16-A 5' plasmid was cleaved with Sph I and Hinc II and the 

large fragment was isolated by agarose gel purification. The annealed synthetic 
oligonucleotides were ligated into this vector fragment to generate T16-intron. 

T16-intron was then digested with Eco Rl and Sma I and the large fragment was 
2 0 isolated by agarose gel purification. Tl 6-4.5 was digested with Eco R[ and Sea I and 

the 790 bp fragment was also Isolated by agarose gel purification. The purified T16- 
intron and T16-4.5 fragments were ligated to produce T16-introrv2. T16-intron-2 
contains CFTR cDNA sequences extending from the Nru I site at position 490 to the Sea 
I site at position 2818, and Includes the unique Hpa I site at position 2463 which is not 
25 present in T 16-1 orT16-intron-l. 



T16-lntron-2 was then cleaved with Xba I and Hpa I ondjtie 1800 bp fragment 
was isolated by agarose gel purification. pKK-CB^R^-was digest.edwi^ I and Hpa 
I and the large fragment was also isolated't>y agarose gel purifica1ion"and. ligated with 
30 the fragment derived from T16-introrv2^to yield pKK-CFR3, shown in Figure^8. The CFR 

cDNA within pKK-CFR3 is identical totthat within pSC-CFTR2 and pKK-CFrR2 except for 
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the Insertion of the 83 bp Intron between nucleotides 1716 and 1717. The Insertion of 
this intron resumed In Improved grosvth characteristics for cells harboring pKK-CFTR3 
relative to cells containing the unmodified CFTR cDNA In pKK-CFTR2. 

Example 4 - In vitro Transcription/Translation 

In addition to sequence orKilysis, the integrity of the CFTR cDNA open reading 
frame was verified by in vitro transcription/trortslation. This method also provided the 
initial CFTR protein for identification purposes. 5 micrograms of pSC-CFTR2 plasmid 
DNA were linearized with Soli and used to direct the synthesis of CFTR RNA trar^scripts 
with T7 RNA polymerase as described by the supplier (Strotagene). This transcript was 
extracted with phenol and chloroform and precipitated with ethanol. The transcript 
was resuspended In 25 microliters of water and varying amounts were added to a 
reticulocyte lysate in vitro translation system (from Promega). The reactions were 
performed as described by the supplier in the presence of canine pancreatic 
microsomal membranes (from Promega), using ^^^ethionine to label newly 
synthesized proteins. In vitro translation products were analysed by discontinuous 
polyacrylamide gel electrophoresis in the preserve of 0. 1% SDS with 8% separating 
gels (Laemmli, 1970). Before electrophoresis, the in vitro translation reactions were 
denatured with 3% SDS, 8 M urea and 5% 2-mercaptoethanol in 0.65 M Tric-HCL pH 6.8. 
Following electrophoresis, the gels were fixed in methanol: acetic acid: water 
(30:10:60), rinsed with water and impregnated with 1 M sodium salicylate. ^^S labelled 
proteins were detected by fluorograph. A band of approximately 1 80 Kd was 
detected, consistent with trartslation of the full length CFTR irisert. 

Example 5 - Elimination of Cryptic Regulatory Signals 



Analysis of the of the DNA sequence of the CFTR has revealed the presence of a 
potential E. coN RNA polymerase promoter between nucleotides 748 and 778 which 
conforms well to the derived consensus sequence for E. coli promoters (Reznikoff and 
McClure, Maximizing Gene Expression, 1 , Butterworth Publishers, Stoneham, MA). If this 
sequence functions as a promoter functior^ in E. coii. It could direct synthesis of 
potentially toxic partial CFTR polypeptides. Thus, an additional advantageous 
procedure for maintaining plasmids containing CFTR cDNAs in E. coli would be to alter 
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thfe sequence of this potential promoter such thot It will not function In E. coll. This may 
be accomplished without altering the amino acid sequence encoded by the CFTR 
cDNA. More, specifically, plosmlds containing complete or partial CFTR cDNA*^ would 
be altered by site-directed mutagenesis using synthetic oligonucleotides (Zoller and 
Smith, Methods Enzymol. JOO. 468, 1983). Specifically, altering the nucleotide 
sequence at c>ositlon 748 from a T to C and at position 774 from an A to a G effectively 
eliminates the activity of this promoter sequence without altering the amino acid 
coding F>otential of the CFTR open reading frame. Other potential regulatory signals 
within the CFTR cDNA for transcription and translation could also be advantageously 
altered and/or deleted by the same method. 

Example 6 - Cloning of CFTR in alternate host systems 

Although the CFR cDNA displays apparent toxicity in E. coli cells, other types of 
host cells may not be affected in this way. Alternative host systems in which the entire 
CFTR cDNA protein encoding region may be maintained and/or expressed include 
other bacterial species and yeast. It is not possible a priori to predict which cells might 
be resistant and which might not. Screening a number of different host/vector 
combinations is necessary to find a suitable host tolerant of expression of the full length 
protein or potentially toxic fragments thereof. 

Example 7 - Production olCFTR mutants and relevant plosmid constructions 

Mutations were introduced into CFTR at residues known to be offered in CF 
chromosomes (AF508, AI507, R334W, S549I, G551D) and in residues believed to play an 
important role in the function of CFTR CK464M, F508R, N894,900Q, K1250M). CFTR 
encoded by these mutants was examined in COS-7 cells transfected with cDNA 
ptasmids having the aforementioned alterations. Remarkably, it was surprisingly 
discovered that mature, fully glycosylated CFTR was absent from cells containing 
AF508, AI507, K464M, F508R and S549I cDNA plosmlds. Instead, on unstable, 
incompletely glycosylated version of the protein was detected with on apparent 
molecular weight of 135kd. Surprisingly, the immature, mutant versions of CFTR appear 
to be recognized as abnormal by a component of the post-translotionol intracellular 
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transport machinery, and remain Incompletely processed In the endoplasmic 
reticulum where they are subsequently degraded. Since mutations with this 
phenotype represent at least 70% of known CF chromosomes, we have discovered 
that the primary cause of cystic fibrosis is the absence of mature CFTl? at the correct 
5 cellular location < see also Figures 10 and 12. As a result of this surprising result, this 

Invention provides new approaches to the diagnosis and treatment of CF. 

Recombinant DNA manipulations were performed according to standard 
methods (Sambrool< et gl., 1989). Oligonucleotide-dlrected mutagenesis of the CFTR 

1 0 cDNA was performed as described by Kunkel ( 1 985). A plasmid vector for CFTR 

expression in mammalian cells was constructed by placing CFTR cDNA sequences 
from the Ava [ site at position 122 In the cDNA sequence to the Sac 1 site at position 
4620 into the unique Bgl 1[ site of the expression vector pSC-CEVl using synthetic 
adaptor sequences. The resulting plasmid was called pMT-CRR. In pMT-CFTR, 

15 expression of CFTR is controlled by the flanking mouse metallothioneirvl promoter and 

SV40 eariy polyadenylotion signal. The vector also contains on origin of replication 
from pSClOl (Cohen, 19 73) for r eplication in E. coli, the p-lactamose gene and an 
SV40 origin of replicatioi^(^^ ^r co nvenient site-directed mutagenesis of CFTR, the 
cryptic bacterial promoter within the CRR cDNA of plasmid pTM-CFTR-3 (Gregory et 

20 al. , 1990) was first inactivated by changing the T residue at nucleotide 936 to a C such 



that plasmids containing CFTR sequences could be maintained at high copy number 
without corresponding change in amino acid sequence. The CFTR cDNA was then 
Inserted between the Apo I and Sac [ sites of the high copy number vector pTM-1 
(available from T. Mizukami, O. Eiroy-Stein and B. Moss, National Institutes of Health) 

25 using a 5' flanking Apa I site common to pTM-CFTR-3 and pTM-1 , and the Sac [ site at 

position 4620 in the CFTR cDNA. Thi s plasmid, pTM-CFTR^. w as used for all subsequent 
mutagenesis of the CFTR sequence. For expression in COS-7 cells, CFTR cDNA mutants 
cortstructed in pTM-CFTR-4 were digested with Xbo I and BstX I and the 3.5 kb CFTR 
cDNA fragment was purified and placed between the unique Xbo I and BstX I sites 

30 within the CFTR cDNA portion of pMT-CFTR.Qrartslent expression of CFR in COS-7 cells 

was performed essentially as described by Sarhbrook et al., 19897^ 
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Example 8 - Production of CFTR and Protein Therapy 

Protein therapy may be accomplished by using CFTR protein produced by host 
cells trar»sformed or transfected with the CFTR cDNA of the present Invention to 
correct the CF defect directly by introducing the protein Into the membrane of cells 
lacking functional CFTR protein. This therapeutic approach augments the defective 
protein by addition of the wild-type molecule. The full length cDNA disclosed here 
con readily be used via conventional techniques to produce vectors for expression of 
the CFTR protein in a variety of well known host systenns. Protein or membrane 
fragments purified or derived from these cells can be formulated for treatment of 
cystic fibrosis. 

Recombinant CFTR can be made using techniques such as those reported by 
Numa (Harvey Lectures 83, 121 (1989) and references cited therein) for the synthesis of 
other membrane protelris under the direction of trarisfected cDNAs. It will be 
important to realize that toxicity can result in mammalian cells from over expression of 
membrane proteins (Belsham et al., Eur, J. Biochem. 256, 413 (1986)). Fortunately, to 
circumvent the potential toxicity of the protein product, vectors with inducible 



promoters (Klessig et gl., MoL Cell. Biol. 4, 1354 (1984)) cnaVbe advantageously used. 



For example, for constitutive expression in mammalian cells, the full length CFTR 
cDNA clone is constructed so that it contair^s Xho | sites immediately 5' to the initiator 
methionine ATG and 3' to the terminator TAG. These sites are unique since there are 
no Xho I sites in the CFTR cDNA sequence. This facilitates incorporation of the DNA 
sequence encoding CFTR into the expression vectors of the types described below. 

Those skilled in the art will recognize that many possible cell/vector systems have 
been used successfully for the high level expression of recombinant proteiris. Several 
suitable systems are described below. Bovine Papilloma Virus (BPV) based vectors 
(Homer and Walling, J. Mol. & Appl. Gen. h 273 (1982)) can be used to transform 
mouse CI 27 cells. CI 27 cells comprise an adenocarcinoma cell line isolated from a 
mammary tumor of on Rl 1 1 mouse (ATCC: CRL 1616). Following the procedures of 
Hsiung et gl. (J. Mol. & Appl. Gen. 2, 497 (1984)) and Reddy et gl., (DNA 6, 461 (1987)), 



r 
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the BPV vector can be constructed in suchp way as to express recombinant CFTR 
protein under control of the mouse^ m o tol i othlontn cr promoter and polyodenylation 
sequences. Once o construct containing the CFTR cD^4A Is made, ft is then 
advantageously tronsfected Into the CI 27 cells using standard calcium phosphate 
precipitation methods (Graham and Van der Eb, Virology 52, 456 (1973)). The 
trorisformed cells can then be selected by foci formation. A similar vector, in v/hich 
the gene for neomycin resistance (Southern and Berg, J. Mol. & AppL Gen. 1, 327 
(1982)) has been inserted into the unique SflLJ^slte, may advantageously also be 
super-transfected into the same cells and cells Incorporating such vectors suitably 
selected v/tth the antibiotic (5418. This method conveniently decreases the time 
necessary to select for desired cell lines expressing the tronsfected gene product. 

Another expression system employs vectors in which the cDNA is under control 
of the metoliothionine gene promoter and the SV40 early poiyadenylotion signal. In 
addition, the mouse dihydrofolate reductase (DHFR) cDNA (Nunberg et gl.. Cell 19, 
355 (1980)) is under control of the SV40 early promoter and polyadenylation signal. 
This vector is then ideally tronsfected into Chinese Hamster Ovary (CHO) cells (ATCC: 
CCL61) that are deficient in DHFR (Uriaub and Chosin, Proc. Natl. Acad. Sci. 77, 4216 
(1980)). Transformed cells can be selected and the CRR containing vector 
sequences amplified by cutturing the cells in media containing the drug methotrexate. 

Yet another example of an inducible expression system involves the use of 
vectors based upon the commercially available plosmid, pMAMneo (Clontech). 
pMAMneo contains a mouse mammary tumor virus promoter for expression of cloned 
genes. This promoter can be induced by treating tronsfected cells with 
glucocorticoids, such as dexamethasone, resulting in elevated expression of the 
cloned gene. The Na"*"/H"^ ontiporter is a membrane protein that is structurally very 
similar to the CFTR and has been successfully expressed with the pMAMneo vector 
(Sordet et al.. Cell 56, 27 1 (1989)). Vectors based on pMAMneo, but containing low 
copy number E. coli origins of replication, could be used for inducible expression of 
CFR in either CI 27 cells, CHO or other mammalian cells as described above. 
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Similarly, many suitable expression vector/host systems have been described for 
the expression of mammalian proteir^s in bacteria, fungi, insect and piant cells and in 
the milk of transgenic animals. One skilled in the art can modify these expression 
systems for the production of CFTR. For example, low copy number CFTR vectors, 
based upon the invention described herein, could be used to direct synthesis of CFTR 
protein in E. coll . To ovoid toxicity due to expression of CFTR RNA or protein, the CFTR 
cDNA must be under the transcriptional control of a regulatoble promoter. As on 
example of one such inducible expression system, the T7 RNA polymerase promoter 
within pSC-CFTR2 could be used to Induce troriscriptlon of CFTR sequences in E. coll as 
described by Studier and Moffat (J. Mol. Biol. 189, 1 13 (1986). In order to maximize 
levels of CFTR protein expression after transcriptional induction, it would be necessary 
to introduce on E, coli ribosome binding site (Shine and Dolgarno, Nature 254, 43 
(1975)) upstream of the CFTR initiator methionine. Prokaryotic organisms other than E. 
coll could also be used for expression of CFTR protein. For example, a membrane- 
bound phosphotriesterose has been successfully produced in Streptomyces lividons by 
Steiert et al. (Biotechnology 7, 65 (1989)). 

Owing to the nature of CFTR glcosylation, the most preferred expression systems 
will utilize mammalian cells. Trarksient expression of CFTR can be accomplished using 
COS-7 cells as previouisly described in Example 7 and in subsequent examples. 

Foreign proteiris have been expressed using a variety of vectors in many 
different fungi. For example, von den Berg et gl. (Biotechnology 8, 135 (1990)) hove 
produced prochymosin in Kluyveromyces ioctis , Loison et ol. (Biotechnology 6, 72 
, (1988)) produced hirudin in Soccharomyces cerevlsiae , and Cregg et ol. 
(Biotechnology 5, 479 (1987)) have produced hepatitis B surface antigen in Pichio 
pastoris . 

For insect cells, the p-adrenergic receptor, a membrane protein, has been 
expressed using a baculovirus expression vector (George et ol., Biochem. Biophys. Res. 
Comm. 163, 1265 (1989)). CFR could be produced in insect cells by obvious 
modification of this system. 
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CFTR could be expressed in plants by modificatioo of the techniques Of Hiattet 
ol. (Nature 342. 76 (1989)) which have demonstrated the productton of the 
immunoglobulin heavy and light chains In tobacco and other plants. 

Techniques for the production of foreign proteins in the milk of transgenic 
animals have also been described In EPA 0264.166. fully incorporated herein. These 
techr^ques can readily be modified for production of CFTR in the milk of mammals. 
Sn^^o y. the Invention descr,bed herein enables the use of techniques known to those 
Skilled in the art for the production of a transgenic animal model for cystic fibrosis 
Such a CF animal model could be advantageously employed to ^reen for suitable 
pharmacological therapeutic agents as later described. 

Example 9 - CharactefT7r.t ior> of the cfti? Pr^t^i^ 

A. isolation of cm? 

CFTR a membrane protein having an amino acid sequence which contains 
regions With extensive hydrophobic character, in order to pur^ CFTR as a functional 
prote,n will be important to accomplish the soiubilfeotion of the CFTR from its native 
membrane such as through the use of detergents. 

Condmons for the solubilization of CFTR from its natural lipid environment con be 
advantageously determined using whole cells, or membrane preparations prepared 
from cells which express CFTR. As will be readily understood, initial solubilization 
experiments wiii invoh^e screening a variety of detergents at var^ng concentrations in 
order to find condttions that preferably achieve optimal solubilbation of the CFTR 
Briefly, packed membrane pellets are resuspended in detergent solution, gently ' 
homogent^ed. and the insoluble material removed by centr^ugotion at 100.000g for 
one haur. The degree of solubifeation achieved is ideally monitored immunologically 
Potential detergents include, but are not limited to. CHAPS (3-(3- 
cho,amidopropyDdimethy.ammonio)-l-pro(anesulfonate) (Bor^otto M.. et al.. J Biol 
Chem. 260. 14255 (1985)). Hamada and Tsuro. J. Biol. Chem. 263 1454 cmi)) n-octyl 
glucoside (Landry etgl..Science 244. 1469(1989)); lubrol (Smigei. J. Biol. Chem 261 
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1976 (1986)); Agnew et al.. BBRC 92. 860 (1980)); Triton X-100 (Hartshome and CatteralL 
J. Biol. Chem. 259, 1667 (1984)); and Triton X-1 14 (Bordier. J Biol Chem 256, 1604 (1981)). 
The Initial detergent solublllzed CFTR solution can also be diluted into an appropriate 
concentration of detergent or detergent/iipld (Agnew and Raftery, Biochemistry J8, 
5 1912 (1979)) to achieve stabilization of the CFTR. Compounds known to stabilize 

proper folding of membrane proteins, sometimes referred to as ozmolytes, can also be 
used. Such stabilization agents include polyols such as glycerol, sugars and amino 
acids (Ambudkor and Moloney, J. Biol. Chem. 261, 10079(1986)). In addition, protease 
inhibitors ogairist the four major classes of proteases ore advantageously present 

10 throughout these procedures (Hartshome and Cotteroll, J. Biol. Chem. 259, 1667 

(1984)) and would include, for example, phenylmethylsutfonyl fluoride for serine 
proteases; iodoacetamide for thiol proteases; 1,10-phenanthrolinefor 
metailoproteoses; and pepstatin A for proteases with activated corboxylic acid 
groups. Ideally, studies should be carried out in which the concentrations and relative 

15 proportioris of detergent, lipid and ozmolyte are varied together with other buffer 

conditions in order to identify optimal conditions to preseo/e and stabilize the CFTR. 
For example, Agnew and Raftery varied the ratio of various detergents and lipids and 
determined that a 7 to 1 ratio of lubrol to phosphatidylcholine stabilized the solubilized 
voltage serisitive sodium channel for further purification, Similoriy. Hartshome and 

2 0 Catteroli found that the presence of 0.25% egg phosphatidylcholine produced a more 

stable preparation and an increased recovery during purification of the sodium 
channel solubilized with Triton X-100. To determine the functional integrity of the 
solubilized protein may require reconstitution of the protein into liposomes using the 
procedure of Example 1 1 , followed by introduction into cells and testing using the ion 

25 efflux assays of Example 14. 

B. Immunoprecipitations and protein phosphorylation using protein kinase A . 

The procedures employed for isotopic labeling of cells, preparation of cell 
30 lysates, immunoprecipitation of proteir^ and SDS-polyacrylomide gel electrophoresis 

were as described by Cheng et gl., 1988 and Gregory et gj., 1990. CFTR was 
phosphorylated in vitro with protein kinase A essentially as described by Kawata et gl. 
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(1989). Briefly. Immunopreclpttates were Incubated with 20 ng of protein kinase A 
(Sigma) and 10 jiCI of (r^2p)ATP In 50 jxl of kinase buffer (50 mM Tris-HCL pH 7.5. 10 mM 
MgCl2 and 100 ng/ml bovine serum albumin) at 30^C for 60 minutes. The reaction was 
stopped by the addition of 0.5 ml RlPA buffer (50 mM TrIs-HCI. pH 7.5. 150 mM NaCI. 1% 
5 Triton X-100. 1% sodium deoxycholate and 0. 1% sodium dodecyi sulphate). The 

procedure for Cleveland digestion was performed as described by Cleveland et al. 
(1977) with modifications (Cheng et gl.. 1988). 

C. Digestion with glvcosldases. 

10 

The glycosidases N-GLYCANASE^") enzyme. OGLYCANASE^'^) enzyme, 
endoglycosidose H and endoglycosidase F were obtained from Genzyme 
Corporation. Conditioris for digestion with the respective enzymes were as specified 
by the manufacturer except Incubations were performed at 37^C for 4 h only. All 

1 5 digestions were performed on CFTR which had been purified by immunoprecipitation 

and separation on polyacrylamide gels (see Example 10). CFR bands B and C were 
eluted from the gels by maceration of the gel pieces in extraction buffer (50 mM 
ammonium bicorlDonate. 0.1% SDS and 0.2% p-mercoptoethanoD. Referring to Figure 
9. bands B and C were immunoprecipitated from T84 cells and phosphorylated in vitro 

20 using protein kinase A and (y-32p)atp. The CFTR proteins were extracted from the SDS- 

polyacrylamide geis. subjected to no treatment (lanes 1 . 3. 5 and 7) or were 
incubated with N-GLYCANASE^^^ enzyme (lanes 2 and 4). endoglycosidase F (lane 6) 
or endogiycosidose H (lone 8). Samples were separated by electrophoresis and 
analysed by autoradiography. Exposure was for 24 h. 

25 

D. Puise-chose studies. 

Six 90 mm dishes of COS-7 ceiis were transfected with either pMT-CFTR or pMT- 
CRR-AF508. To avoid dish to dish variation in transfection efficiency, at 12 h post- 
30 transfection. the ceils were harvested by trypsinization and re-distributed among six 90 
mm dishes. Following 18 h of incubation, the cells were washed twice with DME media 
(lacking methionine) and starved for 30 minutes at 37^C. (^^s) methionine (250 jiCi/mi) 
was then added to each dish and the plates labeled for 15 minutes at 37^C. At the 
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end of the 15 minutes, the cells were washed twice with growth media, maintained in 
growth media and then chased for various times up to 24 h. Referring to Figure 1 1 A. 
COS-7 ceils were mock trarksfected (lane 1) or tror^fected with pMT-CFTR (lane 2). 
PIV1T-CFTR-AF508 (lone 3) and pMT-CFTR-Tth 1111 (lane 4). 48 h post-transfection, the 
5 cells were labeled for 12 h with (^^) methionine. CFTR from these lysates were 

immunoprecipftoted with the monoclonal antibody mAb 13-1 (see Example 1 1) and 
then analyzed on a SDS-polyocryiamide gel. The gel was fluorographed and exposed 
for 4 h. In Figure 1 IB COS-7 cells were either transfected with pMT-CFTR (lanes 1-6) or 
pMT-CFR-AF508 (lanes 7-12). At 48 h post-transfection, the cells were labeled for 15 
10 minutes with (3^) methionine. After being labeled, the cells were either harvested 

immediately or rirised several times with labeling media, transferred to standard 
growth media and then harvested at various times thereafter. The lysates prepared 
were immunopreciprtoted with mAb 13-1 and analyzed on a SDS-polyacrylamide gel. 
The fluorograph gel was exposed for 6 h. 

15 

E. Immunofluorescence microscopy. 

Indirect immunofluorescence was performed essentially as described by 
Kolderon et gl. (1985). COS-7 cells which had been transfected with CFTR-contalning 

20 cDNAs (see Example 7) were transferred onto glass coverslips at 12 h. Following a 

further 18 h incubation at 37^0, the cells were fixed in 3.7% formaldehyde in 
phosphate buffered soline (30 minutes at room temperature), permeabilized with 1% 
Nonidet P40 (15 rninutes at room temperature) and incubated with the monoclonal 
antibody m^J 3^r(see Example 1 1) followed by FITC-conjugated goat anti-mouse 

25 IgG (Cappel Labs.). The cover slips were mounted using 50% glycerol in phosphate 

buffered saline and viewed using a Zeiss Axioplon microscope. With reference to 
Figure 1 2, 48 hours after transfection, the cells were fixed and stained using the 
monoclonal antibody mAb 1 3-1 (Example 1 1 ) or 423 (specific for SV40 Large-T antigen) 
as first antibody. The second antibody was fiuoresceirvconjugoted goat anti-mouse 

30 IgG. The localization of the various CFTR proteir^s were visualized by 

immunofluorescence microscopy. Micrographs show (A) shows nuclear stainiing of 
SV40 Large-T antigen using the monoclonal antibody 423 (Harlow et al,, 1981); (B) 
shows pMT-CFTR incubated with mAb 13-1 in the presence of excess fusion protein; (C) 
shows PMT-CFTR-AF508 incubated with mAb 13-1 and (D) pMT-CFTR incubated with 

35 mAb 13-1. 
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Example 10 - Purificotlon of the CFTR Protein 

Utilizing the solubllized CFTR protein from Example 9, one may purify the CFR 
5 utilizing purification procedures which have been employed previously wfth similar 

membrane proteins. Although proteins with multiple membrane spanning domains 
have been purified using conventional techniques (CotterolL Science 242 50 (1988)), 
the generation of specific antibodies has allowed other Investigators to develop rapid 
and simple purification schemes for P-glycoprotein (Homado and Tsuro, J. Biol. Chem. 
10 263 1454 (1988)), and sodium channels (Cosodei et ol., J. Biol. Chem. 261 4318 (1986); 

Nokoyoma et al., Proc. Natl. Acad. Scl. 79 7575 (1982)). Thus, the production of CRR 
specific antibodies (see Example 1 1) could facilitate ihe purification of the CFTR 
molecule and allow its purification away from the relatively high level of contaminants 
expected in the starting solubilized preparation. 

15 

For example, antibodies produced against an extracellular or other domain of 
the CFTR could be screened to select therefrom an antibody having a suitably high 
binding coefficient appropriate for use in the purification scheme. The selected 
antibody is ideally immobilized on a variety of commercially available resiris including 

20 CNBr activated Sepharose, Affi-Gel 10, Reacti-Gel CDI and Amino-Link resins and 

tested for immobilized antibody capacity. Optimal conditions for binding CFTR to the 
column, washing the column to remove contaminants, and eluting the purified protein 
con then be determined using conventional parameters as the starting point and 
testing the effect of varying the parameters. It will be recognized that effective wash 

25 and elution conditions will significantly imp>act the degree of purification obtained. 

Extensive washing in the presence of stabilizers plus higher salt and differing detergents 
may be utilized to remove norispecificolly absorbed proteins. Elution may then be 
advantageously carried out either using specific peptide elution if one has antibodies 
to CFTR peptides. (Courtneige et ol. , Cold Spring Harbor Conf on Ceil Prolif . and 

30 Cancer 2123 (1984)), or altneratively by chaotropic agents such as potassium 

thiocyanate or by lowering the pH followed by immediate pH neutralization of the 
eluted fractions. 
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Although It is likely that immunooffinity chromatography would provide a 
significant purification and provide protein of sufficient purity for research studies and 
drug screening, such on approach alone may not provide adequate protein purity to 
qualify the CFTR protein as a clinical grade therapeutic agent. Thus, to purify the 
5 protein further, or In the cose that Immunoaffinity chromatography was unsuccessful, 

one could evaluate additional chromatographic approaches to select an optimal 
chromatography procedure to obtain the desired purity. For example, llgond affinity 
(Landry etg!.. Science 244 1469 (1989); Smigel, J. Biol. Chem. 261 1976 (1986)), lectin 
(Curtis and Ccrtterail, Biochemistry 23 21 13 (1984)), anion exchange (Hartshorne and 

10 Catteroll, Proc.Natl. Acad. Scl. 78 4620 (1981)), hydroxyiopatite (Hartshorne and 

Cotteroil, J. Biol. Chem. 259 1667 (1984)), and gel filtration (Borsotto et al - J- Biol. 
Chem. 260 14255 (1985)) chromatography procedures have been used in purification 
schemes for this class of membrane bound protelr^s. Since the CFTR protein contains a 
nucleotide binding domain, ft woill likely bind to resins such as Cibicron blue and may 

15 be specifically eluted with nucleotides (Lowe and Pearson, Methods in Enzymology 

104 97 (1984)). The accessibility of the nucleotide binding domain in the solubilized 
form would have to be determined empirically. The predicted protein sequence for 
the CFTR contains a carbohydrate attachment site at amino acid 894. Since it has 
now been shown that the CFTR protein is a glycoprotein, the use of lectin 

2 0 chromatography is a likely route to purify CFTR. 

Example 1 1 - Preparation of CFTR Protein Specific Antibodies 

Monoclonal antibodies MAb 13, 1 and MAb 13.2, specific for predetermined 
25 regior»s or epitopes of the CFTR protein, were prepared using the following cloning 

and cell fusion technique. A mouse was immunized with the p>olypeptlde produced 
from Exon 1 3 of the CFTR protein fused to p-ga!octosidase, the fusion protein being 
obtained as described in Mole and Lane, DNA Cloning Volume III: A Practical 
Approach (1987), to induce on immune response. The immunization procedure 
30 required injecting a mouse with 10 micrograms of immunogen in 10 microliters of PBS 

emulsified in 30 microliters of Freunds complete adjuvant (GIbco #660-5721 AS). This 
procedure was repeated four times at intervals of from 1 to 28 days over a 57 day 
period. The mouse was then Injected with 50 micrograms of immunogen in 50 
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microliters of PBS four times over a three day period. Vasodilation was induced by 
warming the mouse for 10 minutes wtth a desk lamp. The mouse was sacrificed by 
CO2 intoxication and a splenectomy was performed. 

5 After Immunization was carried out, the p-lymphocytes of the immunized mice 

were extracted from the spleen and fused with myeloma cells using the well known 
processes of Koehler and Milsteln (Nature . 256 (1975), 495-497) and Harlow and Lane, 
Antibodies, A Laboratory Manual, Cold Spring Harbor Laboratory, New York (1988), 
respectively. The resulting hybrid cells were cloned in the conventional manner, e.g. 
10 using limiting dilution, and the resulting ctones, which produce the desired monoclonal 

antibodies, cultured. Two most preferred antibodies produced by this process were 
MAb 13.1 and MAb 13.2, specific for Exon 13. 

The monoclonal antibodies, MAb 13,1 and MAb 13.2, may be used in their 
1 5 complete form or as fragments thereof (e.g. Fab or F(ab')2 fragments) providing they 

exhibit the desired immunological reactivity with CFTR or the desired CFTR domain. 
The term "monoclonal antibody" as used herein therefore also includes such 
fragments. The monoclonal antibody Is ideally used in an immobilized form, and is 
most preferably immobilized on a resin substrate, for purification of the CFTR protein 
20 from other contaminants. The antibodies can also be advantageously used as part of 

a kit to assay for the presence of the CRR protein In biological samples such as fluids 
or on the surface of cells. 

Hybridomos producing monoclonal antibodies MAb 13.1 and MAb 13.2 
2 5 prepared according to this procedure hove been deposited with the American Type 

Culture Collection (ATCC) under the terms of the Budapest Treaty, and assigned 
accession numbers: ATCC 10565 and ATCC 10566. 
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Exomple 12 - CFTR Production Results from Cells Transformed VA^th Vorlous CFTR genes 
Including Mutants 

5 A, CFTR from T84 cells . Previous examples show that CFTR can be detected in T84 

cells by adding {y-^^P)ATP and protein kinase A to immunopreciprtates formed using 
antibodies raised against CFTR (see also Gregory et al, , 1990). Band B, and large 
amounts of band C were detected by this method (see Figure 9). Partial proteolysis 
fingerprinting showed that the T84 cell derived material and that produced in a cell- 
10 free system directed by CFTR RNA were indistinguishable. 

Figure 9 demonstrates that band C is CFTR modified by addition of N-linked 
carbohydrate. Upon treatment with N-GLYCANASE^^^ enzyme, band C, 
immunoprecipitated from T84 cells and phosphorylated in vitro , is converted to band 

15 A. Treatment with O-GLVCANASE^^^ enzyme, endoglycosidase H or endoglycosidase 

F enzymes had no effect (Fig. 9). Because a band of intermediate molecular weight 
was also detected upon treatment with N-GLYCANASE^''^ enzyme, these results can 
be interpreted to mean that CFTR bears two complex carbohydrate side chains 
possibly of the tri- or tetra-antennary type. N-GLYCANASE^'^^ er^me treatment of 

20 band B also yielded band A (Fig. 9) (see also Gregory etal., 1990). The shift in 

apparent molecular weight on poiyacrylomide gels in going from band A to band C 
seems large (20K) but whether this represents addition of unusually large side chains, 
or merely results from anomalous migration in SDS-polyacrylamide gels is unknown. It is 
postulated that glycosylation of band C is probably also responsible for its migration as 

2 5 a diffuse band as opposed to the sharp appearance of bands A and B. 

B. AF508 does not Produce Mature CFTR . Recombinant CFTR has been expressed 
utilizing a vaccinia virus-infected HeLo cell system (see also Gregory et al., 1990; Rich 
et gl., 1990). Because of the short infection cycle of vaccinia virus, longer term 
30 expression was studied in transfected COS-7 cells (see Example 7). With reference to 

Figure lOA, COS-7 cells were either mock transfected (lane 2), transfected with wild 
type CFTR (pMT-CFTR - lane 3) or the mutants pMT-CFTR-AF508 (lane 4) and pMT-CFTR- 
Tthl 11 1 (lane 5). Lysates were prepared 48 h post-transfection, phosphorylated in vitro 
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with protein kinase A and (y-^^P) ATP and analyzed on a SDS-potyaciYlamlde gel. Lane 
1 contains lysate from T84 cells. The positions of bands B and C are Indicated on the 
right margin. Autoradiography was for 2 h. With reference to Figure lOB, the ^^Pln 
vitro labeled bands C from T84 cells (lanes 1-3) and from COS-7 cells transfected with 
5 pMT-CFTR (lanes 4-6) and band B from cells transfected with pMT-CFTR (lanes 7-9) were 
excised from the gel and digested with Increasing amounts of S. aureus V8 protease. 
Proteins in lanes 2. 5 and 8 were digested with 0.01 7 ^g/^l of S. aureus V8 protease and 
those In lanes 3, 4 and 7 with 0. 1 7 ^ig/^il of enzyme. Lanes 1 , 6 ar>d 9 were untreated 
samples. Exposure time was two days. 

10 

Thus, Figure lOA shows CFTR produced in cells trar^sfected with an expression 
plosmid (pMT-CFTR) containing a full length CFTR coding sequerx;e expressed from a 
mouse metallothionein promoter. Using the ^^P in vitro labeling technique and affinity 
purified polyclonal antibody to exon 13 fusion protein (see also Examples 10, 1 1 , 17 

15 and also Gregory etaj., 1990), band C was readily detected In trarnsfected cells, as 

well as smaller amounts of bond B (lane 3). COS-7 cell band C migrated more slowly 
than the CFTR from T84 cells (lane 1) but figure lOB shows partial proteolysis fingerprints 
that confirm that the proteiris are indeed related. Presumably, the glycosylation 
pattern of human colon and simian kidney cells is sufficiently different to alter the 

20 mobility of band C. 

Figure lOA also shov^/s that COS-7 cells trarksfected with vectors containing a 
AF508 cDNA produced band B but, unexpectedly, they did not contain bond C (lane 
4).' Similariy, a mutant CFTR truncated by insertion of a frame shift mutation at the 
25 Tthll 1 I site (which resulted in the synthesis of a 1357 amino acid protein) encoded a 

truncated version of bond B of predicted molecular weight but also lacked the band 
C equivalent (lane 5). 

To confirm this data, metabolically labeled COS-7 cells were used. After the 
30 cells were labeled with (^^s) methionine for 16 hours, they were lysed and 

immunoprecipitated with monoclonal antibody mAb 13-1 (raised against exon 13 
fusion protein) (see Example 1 1). Figure 1 1 A shows that band B was labeled in COS-7 
cells transfected with wild type (lane 2) and AF508 cDNA (lane 3) but surprisingly, that 
labeled band C was totally absent in the mutant cDNA transfected cells. 
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Figure 1 1B shows the resuH of o pulse-chose experiment in which COS-7 cells, 
tronsfected with wild type and AF508 cDNA vectors pursuant to Example 7. were 
labeled for 15 mir»s and chased over a 24 hour period. Wild type band B chased Into 
5 bond C such that by 4 hours after labeling, very little band B remoir^s (lone 4). Mature 

CFR was observed at 1 , 4 and 8 h post labeling but by 24 hours, little remaining 
labeled material was detected. By contrast, atthough AF508 band B was metabolized 
with approximately the some half-life as wild type, no band C appeared. 

10 Not oil labeled band B in pulse labeled wild type cDNA tronsfected cells 

appeared to be processed to the fully glycosylated bond C. One interpretation of this 
finding Is that recombinant cells contained such large amounts of CFTR that the 
machinery responsible for further post translationoi processing was soturoted. Under 
these circumstances, excess material may be degraded. An otternotive explanation is 

15 that during the chase period, so much unlabeled CFTR accumulated that insufficient 

antibody was present to capture all the labeled protein. Studies with vaccinia virus- 
infected HeLa cells synthesizing CFR showed that very little bond C material was 
detected in a 1 h labeling period. This labeling pattern is consistent with the kinetics 
shown here, 

20 

C. Immunofluorescence Studies . The absence of mature CFTR in AF508 cDNA 
trar^ected COS-7 cells implies that the deletion caused a structural alteration that 
somehow prevented maturation of the carbohydrate in the Golgi. This could result 
because transport from the endoplasmic reticulum to the Golgl was inhibited or 
25 because modification was inhibited even though transport was normal. It was 

hypothesized that rf protein transport were inhibited it might be possible to detect a 
difference in location of mutant and wild type recombinant CFTR by 
immunofluorescence. 

30 Figure 12 shows immunofluorescence photomicrographs of COS-7 cells 

tronsfected wrth wild type and AF508 CFTR cDNAs using monoclonal antibody mAb 13- 
1 . That the fluorescence detected was CFTR is indicated by the previous 
characterization of the monoclonal antibody, by the absence of signal In non- 
trorisfected cells (background cells in Fig. 12c and 12d) and because the reaction 

35 was Inhibited by exon 13 fusion protein (Fig. 12b) but not irrelevant fusion protein. 
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Figures 12c and 12cl show that the subcellular distribution of wild type and AF508 CFTR 
was different . The AF508 signal appeared localized to the perinuclear region whereas 
the wild type CFTR signal was more diffuse. The pattern observed with wild type 
suggests a wide-spread distribution possibly Including the plasma membrane, 

5 

Because the distribution of CFTR in recombinant cells overexpressing the protein 
may not be typical subcellular localization of wild type and AF508 was not refined. 
Subcellular distribution of AF508 CFTR was different from wild type. 

10 D. Other Mutations Prevent Maturation of CFTR . To study the maturation of CFR in 

more detail, additional site specific mutations within the cDNA coding sequence were 
constructed. A naturally occurring deletion mutation at residue 507 was created by 
removing the codon for isoleucine (Kerem et ai., 1990). To examine the role of 
nucleotide binding within the domain including AF508, the highly consers/ed lysine at 

15 residue 464 (Riordan et ol., 1989) was changed to methionine. The equivalent 

mutation was also mode within the second nucleotide binding domain (K1250M) and 
both asporagine residues (at 894 and 900) were changed to glutamine to which 
coriDohydrate is predicted to be attached (N894,900Q)(Riordan et gl., 1989). 

20 Vectors containing each of these mutations were constructed and separately 

tronsfected into COS-7 cells. With reference to Figure 13, 

expression vectors containing wild type CFTR (pMT-CFTR - lane 2) and those containing 
the mutants pMT-CFTR-K464M (lane 3), pMT-CFTR-K1250M (lane 4), pMT-CFTR-Al507 
(lane 5). pMT-CFTR-N894,900Q (lane 6, marked as pMT-CFTR-deglycos.) and pMT-CFTR- 
25 R334W (lane 7) were tronsfected into COS-7 cells. Lone 1 is COS-7 ceils which had 

been mock tronsfected. Lysates were prepared 48 h post-transfection and the 
immunoprecipitotes formed using pAb Exl3 were labeled in vitro using protein kinase 
A and (Y-^2p) ATP, The positions of bonds A, B and C ore indicated on the right margin. 
Autoradiography was for 2 h. 

30 

Figure 13 shows that using the in vitro kinase assay, AI507 cDNA tronsfected cells, 
like their AF508 counterparts, lacked band C (lone 5), N894,9COQ produced neither 
bond B or C, but instead yielded a bond of slightly increased mobility which was 
interpreted to be the CFTR primary translation product, band A, of apparent 
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molecular weight ISOkd (lane 6). This confirmed that It was the addition of N-iinked 
carbohydrate to CFTR that caused the mobility shifts resulting In bands B and C. 
Individual mutatloris In each of the two sites was required to establish unequivocally 
that both Asn894 and Asn900 ore glycosylated and based on the N-GLYCANASE^'') 
5 enzyme resutts, this seems likely. 

K464M cDNA transfected cells, like their AI507 and AF508 nucleotide binding 
domain 1 mutant counterparts, contained no band C (lone 3). Surprisingly, however, 
the equivalent mutation in the conserved lysine of the second nucleotide binding 
- 10 domain did not prevent maturation (lane 4). Another rare but naturally occurring 

mutation associated with CF occurs at residue Arg334 within trarismembrane domain 
6 (X. Estiviil. personal communication). This mutation. R334W. did not prevent 
maturation of recombinant CFTR band C. (Lane 7). 

15 Table ;?summari2es data obtained with all the mutants including two other 

naturally occuring CF associated mutations S549I and G551D. These were from a 
second cluster of mutations within the first nucleotide binding domain, in this case 
within exon 1 1 (Cutting et g!.. 199Ck3; Kerem et al.. 1990). Also included is F508I?. in 
which the residue at 508 was changed rather than deleted. Surprisingly, the results 

2 0 using these mutants showed S549i CFTR does not mature but G551 D does. The 

mutation of phenylalanine 508 to arginine also resulted in CFTR that did not mature. 

Example 13 Intraceiiuiar Characterization of CFTR 

25 A. Endoplasmic reticulum interactions . Based on the discoveries of this invention. 

nascent CFTR interacts first with the endoplasmic reticulum and is then glycosylated at 
at least one of Asn residues 894 and 9C0. The native molecule is then transported to 
the Golgi where carbohydrate processing to complex-type glycosyiation occurs. 
Finally, at least some of the mature glycosylated molecule is thereafter transported to 

30 the plasma membrane. 
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It Is now reasonably well established that the endoplasmic reticulum possesses a 
mechanism that prevents transport of mutant, mlsfolded or Incorrectly complexed 
versions of protelrts otherwise destined for further processing (Lodish. 1988; Rose and 
5 Doms. 1988; Pelhom, 1989; Hurtley and Helenius, 1989; Klousner and Sitia, 1990). If this 

quality control mechanism operates on CFTR. it would prevent transport to the Golgi 
and cor^sequently, further modification of several of the mutants reported here. As a 
resutt, the unmodified mutant versions of the protein either would not exit the 
endoplasmic reticulum and would subsequently be degraded therein, or alternatively, 
1 0 they would be trar^sported to the tyosomes for degradation. 

It Is not clear how the quality control mechanism recognizes the difference 
between wild-type and those mutant versions of CFTR which were not further 
processed. One obvious mechanism would be that on alteration in structure of the 

15 molecule is detected. Indeed, gross changes in structure of the first nucleotide 

binding domain (and perhaps in consequence of the whole molecule) might be 
expected following deletion of phenylalanine 508 (Hyde et a[., 1990; Monavalan and 
Dearborn, personal communication). However, it is not clear how this change in 
structure would be detected by a mechanism located, for example, in the lumen of 

20 the endoplasmic reticulum, since the domain bearing the mutation, (if the present 

model for CFTR is correct), would lie on the cytosolic side of the membrane. Perhaps 
the structural change is transmitted across the membrane or perhaps the sensing 
mechanism does not recognize CFTR directly, but rather detects a protein with which 
it is complexed. In this case, all mutations within CFTR that prevent complex formation 

25 also prevent intracellular transport. Yet another mechanism would be that nascent 

CFTR has basal activity in the endoplasmic reticulum and that mutations that disrupt 
this activity are sensed by the quality control mechanism. Perhaps some activity of 
CFTR is necessary for its maturation and by this mearis, enzymoticolly inactive proteins 
are marked for degradation. Irrespective of the mechanism of discrimination, the time 

30 course of synthesis of iDOth wild type and mutant CFTR is notable in two respects. Firstly, 

the half life of band B Is similar for both wild type and mutant versions and secondly, 
most of the wild type band B appears to be degraded. One interpretation of these 
results Is that synthesis of CFTR involves two steps, retention in the endoplasmic 
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reticulum during which time folding of the protein occurs followed by either export to 
the Golgl or degrodotlon. Since we detect no difference In the residence time In the 
endoplasmic reticulum. It would appear that the defect in the case of the non- 
maturlng mutants lies In the second step, that which results In degradation. 
5 Furthermore, even wild type seems surprisingly susceptible to degradation since most 

of bond B fails to mature to band C. Whether this results from overexpression of CFTR or 
is a property of the protein In norvrecomblnant cells remains to be determined. 



Still alternatively, the CFTR protein itself may be resporislbie for its own 
10 exportation out of the endoplasmic reticulum. Under this Interpretation, mutant CFTR, 

or otherwise improperly folded or glycosylated CFTR would not appropriately Interact 
with the endoplasmic reticulum membrane resulting In a self-regulating quality control 
mechanism having no need of further structures or accessory substances. 



15 A different Interpretation of the results would provide that the nascent, 

incompletely glycosylated CFR was transported normally to the Golgi but that the 
structural alterations caused by the various mutations prevented further glycosylation 
and this lead to lacl< of activity and eventual degradation. This interpretation is less 
favored because the previous explanatior»s are more consistent with the present 

20 understanding of the intracellular transport of other proteir^s and their mutant variants 

(Lodish, 1988; Peiham, 1989; Klausner and Sitia, 1990). 



B. Structure: Function of CFTR . CFR is a large, complex molecule. Nucleotide 
binding domain 1 contains two clusters of naturally occuring mutations, one around 

25 residue 508 (Riordan et al., 1989, Kerem et al., 1990), the other around 550 (Cutting et 

ol., 1990a; Kerem et al., 1990), All the mutations around 508 disclosed herein (AF508, 
AI507, F508R) failed to generate mature CFTR, whereas mutations at the second site, 
S549I did not produce mature CFTR but G551D did. Mutation of the Wali<er motif lysine 
in nucleotide binding domain 1 also prevented maturation of CFTR. The surprising 

30 difference between mutations at neighboring residues 549 and 551 is a surprising result. 

It appears that most of these mutatior^s Inactivate some function of the protein, such 
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as Its ability to bind nucleotide and or maturation of CFTR Is prevented by lack of 
functional activity. More likely, all norvmaturing mutants result in structural changes In 
the domain and these prevent maturation. 

5 Another unexpected result of the experiments disclosed herein is the difference 

between the modification of the conserved lysine mutants in nucleotide binding 
domains 1 and 2. K464M did not produce mature CFTR whereas K1250M did. 
Although the two domains are clearly related and both mutatlorks lie in putative 
nucleotide binding pockets (Riordan et al., 1989), they appear not to be functionally 
10 equivalent. 

Mutant R334W (X. EstivllL personal communication) emphasized the importance 
of the transmembrane domairis In the activity of CFR. The instant disclosure clearly 
shows that a change in sequence within transmembrane domain 6 does not prevent 
15 movement to the Golgi at least as measured by the presence of complex-t/pe N- 

linked oligosaccharides. Accordingly, the polar amino acid in the otherwise 
hydrophobic environment plays an important role in pumping material across the 
membrane. 

20 Example 14 - Cystic Fibrosis Disease Implications - Diagnosis and Therapy 



A. Molecular basis of the disease. Many genetic diseases are caused by the 
absence or truncation of the appropriate protein, for example as a result of deletions 
within the corresponding gene. Muscular dystrophy would be an example in this 

25 category (Harper, 1989). Other genetic diseases are caused by mutations that result in 

loss of function of the gene product. Sickle cell disease is a classic example of this type 
(Weatherall et gl., 1989). One aspect of the instant invention provides that the 
molecular basis of most cystic fibrosis is the inability of the CFTR gene product to 
mature. That is to say, the failure of CFTR to move through the normal pathway of 

30 Intracellular trafficking and modification means that the mature protein is absent from 

its final cellular destination in CF cells. Examples of genetic lesions that result in failure 
of the LDL receptor to mature have been described for certain types of familial 
hypercholesterolemia. In some of these cases, the mutant LDL receptor Is retained in 
the endoplasmic reticulum (Lehrman et gl., 1986). 
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That little or no mature CFTR has been detected In the cells containing CF 
associated mutatior« observed in a majority of CF patients does not necessarily mean 
that this forms the molecular basis of oil CF. A priori. It seems very likely that some 
5 mutations will inactivate the function of CFTR but will not prevent transport and 

giycosyiatlon. Indeed, R334W and G551D have been detected In CF chromosomes 
and presumably encoded Inactive CFTR (X. EstlvllL personal communication; Kerem et 
alw 1990). Even so. both encoded CFTR that matures to form bond C. 

10 B. Diagnosis . The mutations described herein represent over 70% of known CF 

chromosomes (Kerem etal., 1989, 1990; Riordon et gl,, 1989; Cutting et al., 1990a). 
Accordingly, the surprising results of the instant Invention can be used for purposes of 
diagnosing CF. Further, it Is anticipated that mutations in other CF chromosomes will 
also fail to produce band C, thus making the detection of CFTR protein in the 

15 membrane diagnostic of an even greater percentage of CF. Another aspect of the 

present Invention is the diagnosis of CF by monitoring the presence or absence of 
mature CFTR. Accordingly, the sensitive detection of band C in primary cells provides 
a surprisingly useful diagnostic test for detecting the great majority of CF patients. 

20 C. Pancreatic sufficiency and insufficiency . To date some mutations that cause 

premature termination of CFR synthesis appear associated with mild forms of CF, 
whereas AF508 is often associated with severe, pancreatic insufficient forms of the 
disease (Cutting et gl., 1990b). That AF508 should be more severe than a major 
truncation appears counter Intuitive. The experimental data disclosed herein support 

25 the conclusion that major truncations make no stable CFTR. By contrast, homozygous 

AF508 cells not only make no mature CFTR but worse, they produce mutant protein 
trapped in the endoplasmic reticulum. Trapped AF508 CFTR may retain sufficient 
activity to cause intracellular pumping of molecules normally transported only at the 
cell surface. Thus, CFTR activity at the incorrect cellular location would result in effects 

30 more serious than those resulting from complete absence of the protein. Accordingly, 

suitable therapeutic activity would ideally deactivate such inappropriate CRTR activity 
most preferably, in advance of, or in conjunction with CFTR protein or CFTR gene 
therapy. 
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D. Recessive noture of CF . The absence of mature CFR encoded by AF508 and 
other similar mutants also provides an explanation for the findlr>g that cells 
heterozygous for various mutations are apparently v/ild type In cell surface channel 
activities associated v/lth CFTR. Previously, Jt was p>erhaps surprising that the defective 
5 molecule did not interfere with the activity of the wild type. From the instant invention, 

it was surprisingly discovered that cells heterozygous for AF508 completely lack mutant 
CFTR at the cell surface and in consequence, the wild type protein is able to function 
uninterruptedly. 

10 E. Therapy . The Irnstont discovery that the majority of cases of CF are caused by 

the absence of mature CFR and possibly, in the case of fxincreatic insufficiency, by 
the additional deleterious effects of incorrectly located, partially active CFTR, confirms 
the basis of other approaches to CF therapy. For example, drugs active in altering the 
sub-celiuiar distribution of proteins could advantageously be used to redistribute to the 

15 plasma membrane fully glycosylated mutant forms which retain at least some 

functional activity. Similarly, agents effective in simulating sufficient CFTR activity to 
resutt in export of otherwise mutant CRR to the Golgi for additional glycosylation 
could result in improved CFR function in homozygous CF individuals. Alternatively, 
therapeutic treatment via a suitable, therapeutically effective blocking agent could 

20 be used to deactivate inappropriately located, active, mutant CFTR protein. 

Alternately, one may promote the trarisport of such protein to on appropriate location 
and useful in this regard are reagents active in promoting intracellular transport 
inhibition. Yet another aspect of the present invention regarding the therapeutic 
treatment of mislocated CFTR comprises the use of anti-sense nucleic acid to rid cells 

25 of mutant transcript to provide the absence of CFTR which is preferable to incorrectly 

located protein. 
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Most preferably, treatment of Individuals with CF will comprise the administration 
of a therapeutically effective amount of replacement CFTR protein. Ideally, the CFTR 
will be administered vka aerosol Inhalation so that It Is applied directly to the ainvay 
cells. The CFTR protein could be formulated In a lipd containing vehicle such as 
liposomes or In virosomes. The final formulation will advantageously comprise a carrier 
as a vehicle for physically tro reporting the most preferred embodiment will also 
comprise a dissolving agent for dissolving the mucous or otherwise assisting the 
movement of the CFTr through the mucous layer to the airway cellular membrane. 
Ideal reagents in this regard would target the CFTR and/or the delivery vehicle to 
airway cells and further, promote fusion therewith. Reagents active in this manner 
include viral proteir^ such as the HA protein (for targeting) and F protein (for fusion) of 
porainfluer^a viruses. 

Example 15 ■ Formulation of CFTR Protein into Artificial Liposomes 

Sblubilized preparations of CFTR, whether or not purified, can be reconstituted 
into artificial liposomes (Klausner et al., in Molecular and Chemical Characterization of 
Membrane Receptors Alan R Liss N.Y. (1984) p209). Detergent solubilized preparations 
of CFTR can be added to phosholipid susperisions and the detergent removed, and 
vesiculation induced either by dialysis (Kogawa Y, Kandroch et ol., J. Biol. Chem. 248 
676 (1973)), chromatography over Sephodex G-50 (Brandt and Ross, J. Biol. Chem. 261 
1656 (1986)) or by passing the preparations over Extrocti-Gel D (Feder et g]., EMBO J. 5 
1509 (1986); Cerione et gl., J. Biol. Chem. 261 3901 (1986)) or by other methods known 
to one skilled in the art. For example, for the bovine adenylate cyclase, Smigel 
(Smigel, J. Biol. Chem. 261 1976 (1986)) found that the cyclase could be reconstituted 
into liposomes by passing a solution containing CHAPS buffer solubilized cyclase, 1.5 
mM phosphatidylethanolomine and 1.0 mM phosphatidylserine overa Sephadex G-50 
column. Naturally, obvious experiments also can be carried out to determine the 
optimal lipid composition of the artificial liposomes needed to achieve fusion or 
implantation of CFTR into CF cells. In general, membrane proteins orient themselves 
correctly in liposomes (Klausner et al.). The correct orientation can be determined 
using antibodies, and if necessary, the separation of correctly-oriented from 
incorrectly-oriented liposomes can be achieved using immunooffinity 
chromatography (Anholt et gl., J. Biol. Chem. 256 4377 (1981)). 
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Example 16 - Gene therapy 

A genetic therapy approach to treatment of cystic fibrosis would moke use of 
5 the full length cDNA encoding the CFTR to augment the defective gene and gene 

product. This approach could entail either Introduction of the CFTR cDNA capable of 
expression of CFTR into human cells in vitro followed by transfer of the cells Into the 
patient or alternatively, one may directly introduce the CFTR cDNA containing vectors 
into the cystic fibrosis patient. cDNAs recently hove been introduced successfully into 
- 10 humans by Rosenberg, Anderson and colleagues (Aebersold et al,, J. Cell Biochem. 

Supplement MB, 78(1990)). 

Current gene therapy approaches are based on the use of modified retroviral 
vectors for the Introduction of protein coding sequences into cells and animals. For 
15 example, using the full length CFTR cDNA of the present invention, similar techniques 

can be applied to introduce CFTR coding sequences into cystic fibrosis patients. 

For example, Um et gl- (Proc. Natl. Acad. Sci. 86 8892 (1989); Mol. Cell, Biol. 7, 
359 (1987)) described techniques and vectors for g gene therapy approach to 
0- 20 expression in vivo of the human adenosine^ ^oamn fee gene in hematopoetic stem 

cells. This system could be easily modified to provide for a gene therapy approoch to 
in vivo expression of the CFTR protein. The work of Rich et gl. (1990) and Drumon et ol. 
(Cell 62, 1227 (1990)) confirms the feasibility of this approach. 

25 Additional limitotior^s and criteria regarding the control of CFTR expression 

following gene therapy will also become apparent upon study of the results of protein 
production from the various mutants and the manner in which nascent CFTR interacts 
with the endoplasmic reticulum, transported to Golgi for further carbohydrate 
processing and subsequent transport to the plasma membrane. Examples 12 and 13 

30 ore particularly helpful in this regard. 

It is now clear from the present invention that gene replacement therapy for CF 
will need to control strictly the level of expression of CFTR because overexpression will 
saturate the trortsport system involved in maturation. Additionally, CFTR mislocated by 
35 over-expression could be as deleterious as protein mislocated by mutation. 
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Accordingly, theproteln replacement therapy Is preferred since such an approach 
^r dntogeouM y avoids this hazard . 



Example 17 - Drug Screening for PharmacoiOQical oaents 

5 

A pharmacological opproach to develop CF therapies would use cells 
expressing CFTR from the DNAs of the present Invention to screen for and select 
agents, either natural products, recombinant products or synthesized organic 
molecules, that could be used therapeutically to compensate for or by-poss the 
10 defective CFTR. For example, ionophores capable of altering membrane 

conductance or ion channel agonists or antagonist could be potentially useful 
compounds. Alternatively, agents for mobilizing mutant forms of CFTR to the golgl for 
glycosylation to partially active CFTR for CF patients could be Isolated. 

15 To test for potential pharmaceutical agents, the cell systems of the present 

invention, either expressing wild-type or mutated forms of CFTR protein from the full 
length cDNA or isolated DNA sequence encoding CFTR, would be incubated in the 
presence of varying concentrations of the agent being tested and restoration of the 
wild-type phenotype or binding of the agent to the cell or CFTR assayed. An 

2 0 example of a suitable assay for testing the restoration of appropriate ion flux, has been 

described in detail by Mandel, J. Biol. Chem. 261, 704 (1986) and Clancy, Am. J. 
Physiol. , 258 Lung Cell. Physiol. 2 pL25 ( 1 990). Alternatively the detecting step could 
comprise contacting the cells with a labelled antibody specific for the cystic fibrosis 
transmembrane conductance regulator and detecting whether the antibody 

25 became bound wherein binding is correlated with the presence of an effective agent 

For screening molecules as potential CF therapeutic drug candidates, one 
could assess the effect of exogenous materials on the function and phenotype of cells 
expressing either wild-type or defective CFTR. One could examine the CI* transport 
30 properties as described by Mandel et gl. (J Biol Chem 261, 704 (1986)) or one could 

use the measurement of ^^^l" efflux (Clancy et gl.. Am. J. Physiol. 258 Lung Cell. 
Physiol. 2 pL25 (1990)). 
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Measurement of ^^^r efflux from Intoct cells provides o relatively easy and fast 
assay of CI" channel activity, r Is an excellent tracer for CP: tt Is not secreted across 
the epithelium (WIddicombe and Welsh, Am. J. Physiol. 239. CI 12 (1980)) but both the 
secretagogue-induced apical membrane Cr conductance and the outv^ordly 
5 rectifying apical Cr channel are more permeable to r than to CP (LI and Welsh, Clin. 

Res. 37, 919a (1989)). Dr. Welsh and colleagues hove shown that ^25|- efflux: a) Is 
stimulated by an Increase In cAMP, by on Increase in Ca^"*", and by cAMP and Co^"*" 
elevating agonists, b) Is inhibited by corboxylic acid analogs, c) Is not affected by 
loop diuretics, and d) Is voltage-dependent. These data Indicate that the ^25|- efflux 
- 10 assay measures cr channel activity. 

The results of various mutant CFTR expressing cells at 50-75% confluency at 
ambient CO2 and room temperature (20-23''C) Is described in prior examples. Cell 
attached Cr channels have a similar function at room temp)erature and at 37'*C. For 

15 testing the effect of varying concentrations of substances on the CF phenotype, one 

could include the substances in the preincubation media and then subsequently 
conduct efflux measurement assay. Following preincubation one would remove the 
media, and cells would be washed for 10 seconds in efflux buffer containing (in mM): 
135NaCI, 1.2CaCi2. 1.2MgCl2.2.4 K2HPO4, 0.6 KH2PO4, 10 glucose, and 10HEPES(pH 

20 7.4 with NaOH). Cells would then be loaded with tracer by incubation in buffer 

containing 15 ^iCi/ml 125|- 2-4 hours. Cells then would be washed for 30 sec to 
remove most non-specificoily bound tracer thereby producing a stable baseline rate 
of efflux. ^25|- efflux rates could be measured during a Ixaseline period (6 minutes) 
and then during stimulation with either cAMP (100 ^iM CPT-cAMP, 10 forskolin, and 

25 1 mM theophylline) or Ca^"*" (1 ^iM A23187 or 1 p.M ionomycin). Measurement of efflux 

in response to a Ca^^ ionophore would provide on important control because an 
increase in Ca^"*" activates CP channels in CF cells. Efflux buffer from all time periods 
plus non-effluxed (lysis) counts would be quantitated in a gamma radiation counter. 
To increase the utility of this method, the procedure could be adapted to ceils grown 

30 in 96 well dishes. 

Although impractical for wide spread drug screening, in order to further 
characterize promising candidate molecules, patch clamp studies could be 
performed on wild-type or mutant CFTR expressing cells. Methods for cell-attached 
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and excised. Inside-out patch clamp studies have been described (Li et gl.. Nature 
331 , 358 (1988); Welsh, Science 232. 1648 (1986)). Cr channels would l:>e Identified by 
their size, selectivtty and characteristic outward rectification. With cell attached 
patches the effect of substances under study could be examined by their addition to 
5 the bath. With excised patches the effect of adding substances to the cytosolic 

surface or external surface of the patch could be determined. Using these assays, 
promising lead compounds for the treatment of CF could be identified. 

It would be advantageous to develop additional rapid assays for monitoring the 
10 CFTR protein. Although the exact function of the CFR protein is not known, the 

presence of nucleotide binding domains of other proteins suggests that the CFTR may 
react with radiolabeled nucleotide analogues or could hydrolyze nucleotide 
triphosphates. For example, attempts to photooffinity label CFTR with 8-azido-a- 
(32p)ATP could follow the basic protocol of Hobson et ol. (Hobson et al., Proc. Natl. 
15 Acad. Sci. 817333, (1984)) as successfully modified for labeling of the multi-drug 

resistance. P glycoprotein (Cornwall et gl., FASEB J 2, 51 (1987)). Membrane vesicles 
from cells or solubilized micelles could be incubated in HEPES buffered mannitol with 
MnCl2. MgCl2 ond photooffinity label. Samples would be irradiated at 366 nm and 
then either electrophoresed directly on SDS gels to determine the extent of labeling or 
2 0 immunoprecipitated to quantitate label incorporated into CFTR. 

Additionally, one could advantageously attempt to measure ATP hydrolysis by 
modification of the procedure used by Homado and Tsuro for measuring the ATPase 
activity of P-glycoprotein (Hamoda and Tsuro, J Biol Chem 263 1454, (1988)). CFTR 

25 could be solubilized as disclosed and immunoprecipitated by reaction with antibody 

and then protein A-Sepharose followed by incubation in the presence of (a-^^PJATP. 
The reaction would be stopped by the addition of EDTA and excess nonradioactive 
ATP and ADP. The reaction products would be sepxarated by chromatography on 
polyethyleneimine-cellulose thin layer plates, the ADP<:ontaining spots detected by 

30 UV light and quantitated (Cerenkov). Qualitative hydrolysis could be determined by 

autoradiography of the TLC plate. In drug screening, the effect of varying 
concentrotlons of added substances on these assays could be determined and 
molecules with potential as CF therapeutics identified. 
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Those skilled In the art will now recognize that numerous variations and 
modifications of the foregoing may be mode without departing from either the spirit or 
scope of the present invention. For example, many expression systems utilizing different 
5 vectors and/or different host cells may be employed in substitution of those described 

herein to produce CFTR. Further, minor modifications of the cDNA sequence provided 
here, or the substitution of different stabilizing introns in different locations can be 
made without altering functional characteristics of the CFTR protein and are thus to be 
deemed equivalents of the inventior^ disclosed herein. Given the broad nature of the 
- 10 diagnostic and therapeutic aspects of the present Invention, obvious amendments 

thereto, derivatlor^s therefrom and modificotioris thereof may be made without 
departing from the scope of the inventive contributions made herein. 
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